Abstract: Nickel is a well-known human lung carcinogen with the particulate form being the most potent; however, the carcinogenic mechanism remains largely unknown. Few studies have investigated the genotoxicity and carcinogenicity of nickel in its target cell, human bronchial epithelial cells. Thus, the goal of this study was to investigate the effects of particulate nickel in human lung epithelial cells. We found that nickel subsulfide induced concentration-and time-dependent increases in both cytotoxicity and genotoxicity in human lung epithelial cells (BEP2D). Chronic exposure to nickel subsulfide readily induced cellular transformation, inducing 2.55, 2.9 and 2.35 foci per dish after exposure to 1, 2.5 and 5 μg/cm 2 nickel subsulfide, respectively. Sixty-one, 100 and 70 percent of the foci isolated from 1, 2.5, and 5 μg/cm 2 nickel subsulfide treatments formed colonies in soft agar and the degree of soft agar colony growth increased in a concentration-dependent
Colcemid and potassium chloride were purchased from Sigma (St. Louis, MO, USA). Crystal violet, acetic acid and methanol were purchased from J.T. Baker (Phillipsburg, NJ, USA). 4-Nitro-blue tetrazolium chloride was purchased from Roche (Indianapolis, IN, USA). Agarose, tissue culture flasks, dishes and all plastic ware were purchased from Becton, Dickinson and Company (Franklin Lakes, NJ, USA).
Cells and Cell Culture
BEP2D cells were used in all experiments as a model bronchial epithelial cell line. These cells were immortalized using the human papillomavirus 18 [11] and exhibit a near diploid stable karyotype and are nontumorigenic. BEP2D cells were maintained in serum-free LHC8 media and subcultured at least once a week using trypsin-EDTA and trypsin neutralizing solution. All experiments were performed on logarithmically growing cells. Mycoplasma testing was performed once a month.
Nickel Subsulfide Preparation
Nickel subsulfide, Ni 3 S 2 , (CAS# 12035-72-2, reagent purity 99.7%) was used as a model particulate nickel compound. Particle size was determined using a Malvern-Morphologi dry particle sizer and the diameter ranged from 0.22 to 75 µm with a mean of 2 µm. This particle size is consistent with previous studies that indicate that particles with a diameter of 2-4 µm are more readily phagocytized into the cell than larger particles with a diameter of 5-6 µm [12] .
Nickel subsulfide particles were suspended in cold sterile-filtered water and spun overnight with a magnetic stir bar. Dilutions were made from the stock using a vortex mixer and appropriate volumes were dispensed into cell cultures. Nickel subsulfide concentrations ranged from 1 to 10 µg/cm 2 .
Cytotoxicity Assay
Cytotoxicity of nickel subsulfide was determined using the clonogenic survival assay as previously described [13] . Clonogenic survival assay measures the reduction in plating efficiency in treated cells compared to control cells. Four dishes were reseeded per concentration and each experiment was performed at least three times.
Clastogenicity Assay
Chromosome damage was assessed as a measure of chromosomal aberrations in control and treated cells as previously described [13] . Cells were analyzed for chromatid breaks, isochromatid breaks, chromatid exchanges, dicentrics, double minutes, acentric fragments, fragmented chromosomes and centromere spreading. One hundred metaphases were analyzed per concentration and each experiment was performed at least three times.
Transformation Assay
Loss of contact inhibition and anchorage-independent growth are two hallmarks of cellular transformation in vitro. Subsequently, assays for foci formation and soft agar growth were used to assess nickel subsulfide-induced transformation in human lung epithelial cells using published methods [14] . Five 100 mm dishes were seeded with 50,000-100,000 cells for each concentration and treated with 0, 1, 2.5 or 5 µg/cm 2 nickel subsulfide for 120 h. At the end of treatment, cells were washed three times with ultra saline A to remove any undissolved particles, trypsinized and reseeded into ten 60 mm dishes per concentration at a density of 50,000 cells. Dishes were monitored for foci formation and cultured for a maximum of 10 passages. Once foci formation was detected, foci were cloned. A sterile cloning cylinder with one edge coated with silicone grease was placed around the selected focus and 40 µL of trypsin was added to the cloning cylinder well. The focus cells were transferred into a 24 well plate and further expanded into a cell line.
To determine anchorage-independent growth, 50,000 control or foci cells were suspended in 0.35% agar and plated onto a 0.6% agar base layer. After seeding, dishes were checked under the microscope to confirm that no large cell clumps were present that could be mistaken as a colony. Cells were fed once a week for six weeks and monitored for colony formation. At the end of six weeks, dishes were stained with 5% 4-nitro-blue tetrazolium chloride to visualize and count the colonies in each dish.
Statistical Analysis
The Student's t test was used to calculate p values to determine statistical differences between control and treated cells and between time points. p value less than 0.05 was the criterion for statistical significance. Since all comparisons among means were considered to be of substantive interest a priori, no adjustment for multiple comparisons was incorporated into the analysis [15] .
Results and Discussion

Nickel Subsulfide Is Cytotoxic to Human Lung Epithelial Cells
To first evaluate the cytotoxic effects of particulate nickel on human lung epithelial cells, we treated BEP2D cells with nickel subsulfide for 24 or 120 h. We found nickel subsulfide induced a concentration-dependent decrease in cell survival in human lung epithelial cells with chronic exposures inducing more toxicity only after exposures to higher concentrations of nickel subsulfide ( Figure 1 ). For example, exposure to 1 µg/cm 2 nickel subsulfide for 24 or 120 h induced 67 and 71 percent relative survival, respectively, while exposure to 10 µg/cm 2 induced 15 and 2 percent relative survival, respectively. These data are consistent with previous studies indicating nickel subsulfide is cytotoxic to mammalian cells [12, 16] . From the cytotoxicity curve, we chose to focus on 1, 2.5 and 5 µg/cm 2 nickel subsulfide in subsequent experiments as these concentrations produced low to medium levels of toxicity.
Nickel Subsulfide Is Clastogenic to Human Lung Epithelial Cells
Our next step was to determine the clastogenicity of nickel subsulfide in human lung epithelial cells. We found that nickel subsulfide induced both a concentration-and time-dependent increase in chromosome damage in BEP2D cells (Figure 2 ). Exposure to 1, 2.5 or 5 µg/cm 2 nickel subsulfide for 24 h induced 6, 11 and 17 percent of metaphases with damage and 7, 12 and 21 total aberrations in 100 metaphases, respectively (Figure 2a ), while chronic exposure induced 11, 17 and 26 percent of metaphases with damage and 13, 19 and 30 total aberrations, respectively ( Figure 2b ). In order to determine the spectrum of damage, metaphase chromosomes were analyzed for chromatid and isochromatid lesions, acentric fragments, chromatid exchanges, dicentrics, double minutes, centromere spreading and chromosome fragmentation. We found that chromatid lesions were the most prevalent form of damage while all other forms of damage were rarely observed. No chromatid exchanges, acentric fragments or chromosome fragmentation were observed after nickel subsulfide exposure. To our knowledge, this is the first study to investigate the clastogenicity of nickel subsulfide in general and more specifically in human lung epithelial cells, the target cell of particulate nickel. Our data are consistent with previous mammalian cell culture studies showing that nickel sulfide, a similar particulate nickel compound, induces a concentration-and time-dependent increase in chromosome damage in rodent cells, but the spectrum of damage differs between rodent and human cells [17] [18] [19] [20] . Similar to human cells, particulate nickel induced chromosome breaks in rodent cells, but there was also an induction of chromatid exchanges and chromosome fragmentation that was not observed in the human lung epithelial cells after particulate nickel exposure (Table 1) [17] [18] [19] .
One possible explanation for the differences in chromatid exchange and fragmentation induction may be due to the different particulate nickel compounds used. We used nickel subsulfide (Ni 2 S 3 ) in our study while the rodent cell studies used nickel sulfide (NiS) [17] [18] [19] [20] . However, this explanation seems unlikely since both crystalline nickel subsulfide and nickel sulfide are potent human lung carcinogens and appear to exhibit a similar mode of action. Studies indicate that both compounds exhibit similar levels of cytotoxicity, particle uptake, reactive oxygen species (ROS) generation and cell transforming ability in rodent cells [12, 21, 22] .
Another possible explanation is differences in cell types. Chromatid exchanges are a more complex form of damage requiring the formation and misrepair of DNA double strand breaks. Studies indicate that humans have more efficient repair mechanisms compared to shorter-lived species, such as rodents [23] . Thus, it is possible that human lung epithelial cells are capable of more efficiently and correctly repairing particulate nickel-induced DNA double strand breaks compared to rodent cells. In addition, the CHO cells used in these previous studies exhibited a remarkably high background chromosome damage level of 17 percent, indicating they are more unstable than human cells (Table 1) [17, 18] which could also explain why they have more exchanges.
It is also interesting to note that we did not see any chromosome fragmentation after nickel subsulfide exposure. The previous studies in CHO cells reported nickel sulfide induced fragmentation in the heterochromatic long arm of the X chromosome [17, 18] . The reasons for the differences in chromosome fragmentation are uncertain. In the CHO cells, chromosome fragmentation was specific to the X chromosome, which is primarily heterochromatic. Fragmentation was not observed in any of the other chromosomes that exhibit smaller regions of heterochromatic DNA. In humans, the centromeric and telomeric regions of all chromosomes along with larger portions of the 1, 9, 16, Y and second X chromosomes are heterochromatic [24] . Besides the second X chromosome, no other chromosomes are primarily heterochromatin. BEP2D cells were derived from a male donor and therefore, do not contain a second heterochromatic copy of the X chromosome [11] . Thus, the lack of fragmentation in the human cells may be due to differences in the extent of heterochromatic DNA in human chromosomes compared to the CHO chromosomes.
In our study, chronic exposure to nickel subsulfide induced a small but statistically significant increase in dicentrics (Table 1) . This is consistent with previous studies in CHO cells showing longer exposures to particulate nickel induce dicentric chromosomes [17, 18] . Dicentric chromosomes form when the ends of two chromosomes fuse together and are a more complex and deleterious lesion. The presence of dicentric chromosomes in mitosis can form bridges that subsequently break as the cell divides into two daughter cells and contribute to chromosome instability [25] . Thus, breakage-fusion-bridge cycles may play a role in particulate nickel-induced chromosome instability. The mechanism of particulate nickel-induced chromosome damage remains unknown. Nickel only weakly binds to DNA and is not considered mutagenic [26, 27] . Thus, direct binding of Ni ions to the DNA is likely not responsible for the induction of DNA double strand breaks and subsequent chromosome aberrations observed in metaphase cells. Nickel sulfide and nickel subsulfide induce ROS suggesting that ROS generation may play a role in particulate nickel-induced chromosome aberrations [22, 28] . Antioxidant studies with nickel sulfide show that vitamin E reduces nickel sulfide-induced chromosome damage but does not eliminate it, indicating that only a portion of particulate nickel-induced chromosome damage is due to ROS generation [20] . Another mechanism of chromosome induction may be from nickel's interaction with histone proteins in the heterochromatin [19, 29] .
Nickel Subsulfide Induces Transformation in Human Lung Epithelial Cells
Foci formation in adherent cultured cells is indicative of loss of contact inhibition and morphological transformation [30] . BEP2D cells grow as an adherent monolayer and exhibit contact inhibited growth when the cells reach confluence. When cells lose contact inhibition, they continue to grow and pile up on top of one another forming a focus of growth. For transformation, we focused on chronic exposure because of the increased chromosome damage observed after 120 h and more chronic exposures better mimic human exposures. We found that exposure to nickel subsulfide for 120 h induced foci formation in BEP2D cells ( Figure 3 and Table 2 ). For example, exposure to 1, 2.5 or 5 μg/cm 2 nickel subsulfide for 120 h induced 2.5, 2.9 and 2.3 foci/dish (Table 2) , while no foci were observed in the control dishes. Foci formation did not increase in a completely concentration-dependent manner, but this has been observed with other metals where the highest concentration yields fewer foci [31, 32] . This outcome is most likely due to the higher degree of cytotoxicity at the highest dose. Twenty-seven areas in the control dishes and 43, 29 and 44 foci were isolated from 1, 2.5 and 5 μg/cm 2 nickel subsulfide dishes for further testing. As depicted in Figure 3 , untreated control cells grew in a flat monolayer (Figure 3a ) while cells exposed to nickel subsulfide formed foci in as little as one week after treatment and all treated dishes exhibited foci within three weeks after treatment (Figure 3b,c) . Foci exhibited a distinct morphology compared to surrounding cells with cells piling up to form a massive opaque multi-layered focus of growth. Unlike previous studies that categorized foci produced in C3H10T1/2 mouse embryonic fibroblast cells after nickel subsulfide treatment into type I, II or III [21, 26, 27] , nickel subsulfide-induced foci in human lung epithelial cells did not resemble these morphological classifications, and thus, could not be classified in this manner. Another hallmark of cellular transformation is the acquisition of anchorage-independent growth. Normal BEP2D cells require a surface on which to attach, flatten out and divide while transformed cells can grow suspended in soft agar and do not need a surface to attach to. Anchorage-independent growth in lung carcinomas correlates well with both tumorigenicity and invasiveness [33] . We tested the control cells and isolated nickel subsulfide-induced foci for growth in soft agar and found that between 61% and 100% of the nickel-induced foci exhibited anchorage-independent growth while none of the control cells acquired the ability to grow in soft agar (Table 2, Figure 4) . As with foci formation, the percentage of foci with growth in soft agar did not exhibit a concentration-dependent increase but when we investigated the degree of soft agar growth, we found a concentration-dependent increase (Table 3) . For example, foci derived from 1 μg/cm 2 nickel subsulfide exhibited less than 20 soft agar colonies per dish, while foci derived from 5 μg/cm 2 nickel subsulfide primarily exhibited greater than 20 colonies per dish (Table 3) . Thus, despite the lack of a dose response in regards to foci formation and percentage of foci with growth in soft agar, increasing nickel subsulfide concentrations induced a more robust anchorage-independent phenotype which correlates to tumorigenicity [33] . This is the first study to report loss of contact inhibition in a human lung epithelial cell line after particulate nickel exposure and the first to report anchorage-independent growth after nickel subsulfide exposure in its target cell, human lung epithelial cells. This outcome with nickel subsulfide is consistent with the one previous study which investigated nickel sulfide-induced transformation [10] . However, we found continuous exposure to nickel subsulfide for five days induced foci formation in human lung epithelial cells between passages 1 and 3, but that study did not observe foci until the 35 th passage and did not quantify or isolate the foci. One possible explanation for the difference in foci formation time may be differences in exposure regimen or particulate nickel compound. We continuously exposed cells to nickel subsulfide for five days, while they exposed cells to six rounds of a 48 h nickel sulfide treatment followed by a recovery period spanning over 20 days. It may be that continuous nickel exposure is more potent than a repeated exposure, or nickel subsulfide is more potent than nickel sulfide, or a combination of the two. A more likely explanation is that their exposure regimen may have been much more cytotoxic than our regimen and, as noted above in our and other's results [31, 32] , highly cytotoxic doses produce fewer foci, probably due to the increased toxicity. Interestingly, the cytotoxicity curves are similar between our two studies, but there is an important technical difference. In their cytotoxicity studies, they examined the impact of one round of a 48 h treatment, but in their transformation study, they exposed cells to six rounds of exposure and it is quite likely that the repeated exposure induced substantially more cytotoxicity, at least in an additive manner. Thus, the added cytotoxicity probably delayed their foci response. Of course, it is also possible that the differences reflect that our study cell line was immortalized with E6 and E7 oncoproteins from human papilloma virus and theirs was immortalized with large T-antigen from the SV40 virus.
The majority of nickel subsulfide-induced foci exhibited anchorage-independent growth, confirming the potency of nickel subsulfide-induced transformation (Table 3 ). These data also confirm that loss of contact inhibition and anchorage-independent growth are tightly correlated. It is difficult to compare our data to the one previous study in human bronchial epithelial cells due to differences in study design. By not isolating the foci, they essentially pooled all their foci together and tested the mixed population of nickel sulfide-treated cells for growth in soft agar [10] . They found a surprisingly high number of soft agar colonies in their nickel sulfide-treated cells; the highest dose had a colony forming efficiency of around 12% correlating to 120 colonies/dish [10] . The soft agar colony forming efficiency and colony numbers for our nickel subsulfide-induced foci were much lower with a maximum of 47 colonies observed per dish. One possible explanation for this difference is the differences between the cell lines or particulate nickel compounds. Unlike BEP2D cells, control 16HBE cells were able to form colonies in soft agar indicating these cells may be more susceptible to acquiring an anchorage-independent phenotype [10] . Another possible explanation is the difference in length of time before seeding into soft agar. The foci cells in this study were seeded into soft agar in as little as four passages after treatment while the nickel sulfide-treated cells in the previous study were seeded into soft agar after the 35 th passage [10] . Allowing the particulate nickel-treated cells to grow for 35 passages may allow for the clonal expansion and selection of faster growing, more aggressive transformed cells. In addition, particulate nickel-treated cells that exhibit chromosome instability may acquire more aberrations over time leading to increased transformation and anchorage-independent growth.
Conclusions
The mechanism of nickel-induced transformation is not fully understood. Our data here indicate that particulate nickel potently induced neoplastic transformation in human lung epithelial cells as shown by loss of contact inhibition and anchorage-independent growth. It also induced a concentration-and time-dependent increase in amount and spectrum of chromosome damage consistent with neoplastic transformation.
Looking forward, previous studies indicate nickel is a weak mutagen suggesting the mechanism does not involve base mutation changes [26, 27] . Given that human lung cancers are known to contain structural chromosome changes, and in light of our findings, we hypothesize that chromosome instability may play a key role in the mechanism of particulate nickel-induced carcinogenesis. Furthermore, given the complexity of carcinogenesis and observations that nickel induces DNA methylation and histone acetylation changes, we further hypothesize a combination of genetic and epigenetic mechanisms are likely involved in particulate nickel-induced carcinogenesis. Future work will consider these hypotheses and investigate karyotypic, epigenetic and gene expression changes in the nickel subsulfide-induced foci.
